monolayers of HFF cells grown on coverslips. To examine the fate of ROP18 shortly after invasion, monolayers were infected and fixed within 10-30 min. The distribution of ROP18 was examined in late vacuoles by infecting monolayers and culturing them for ~36 hr prior to fixation. Previous studies have shown that when invasion of T. gondii is blocked by cytochalasin, rhoptry proteins are still secreted directly into the host cell where they occupy small vesicular structures known as "evacuoles" (3) . To examine the accumulation of ROP18 in evacuoles, parasites were pretreated with cytochalasin D (1 µg/ml) for 10 min and used to challenge monolayers of HFF cells for 15-30 min. Cells were fixed and processed for immunofluorescence as described below. Immunofluorescence. Infected monolayers were fixed and permeabilized in 4% formaldehyde and 0.5% TritonX-100 in PBS for 15 min. The slides were blocked by two 10 min incubations with 5% fetal bovine serum and 5% normal goat serum in PBS. Slides were then washed with 1% FBS and incubated for 1 hr with the primary antibodies mAb BB2 against the Ty tag (1:1000) (4) and rabbit anti-ROP1 (1:1000) in 1% FBS. The slides were washed with PBS 3 times and incubated for 1 hr with Alexa-conjugated secondary antibodies (Molecular Probes, Eugene, OR) (1:1000) in 1% FBS-PBS. Slides were rinsed in PBS and mounted in Vectashield with DAPI (Vector Laboratories, Inc., Burlingame, CA) and examined with a Zeiss Axioscope (Carl Zeiss Inc, Thornwood, NY) equipped with epifluorescence. Images were acquired with an AxioCam CCD (Zeiss) camera using Axiovision software v4.0 (Zeiss) and processed using Photoshop v7.0.
CryoimmunoEM. For immunolocalization at the electron microscopy level, parasites were fixed in 4% paraformaldehyde (Polysciences Inc., Warrington, PA) and 0.01 % glutaraldehyde (PolySciences Inc.) in 100 mM phosphate buffer pH 7.2 for 1 hr at 4 o C. Samples were trimmed, frozen in liquid nitrogen, and sectioned with a Leica Ultracut UCT cryo-ultramicrotome (Leica Microsystems Inc., Bannockburn, IL). Ultrathin sections (~70 nm) were stained with mAb BB2 against the Ty epitope tag (dilution 1:500) (4) followed by goat anti-mouse IgG conjugated to 18 nm gold (dilution 1:30) (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Parallel controls omitting the primary antibody and stained only with the secondary conjugate, were consistently negative. Sections were counter-stained with 0.3% uranyl acetate and 2% methylcellulose and viewed with a JEOL 1200EX transmission electron microscope (JEOL USA Inc., Peabody, MA). Western Blotting. Western blot analysis was carried out using 10% polyacrylamide gel and Laemmeli running buffer. After electrophoresis, proteins were transferred onto a nitrocellulose membrane by semi-dry electrotransfer and blocked in PBS containing 5% nonfat dry milk, 5% goat serum, and 0.05% Tween 20 for 1 hr at room temperature. After washing, the membrane was incubated for 1 hr with anti-Ty mAb BB2 (1:2000) (4) and mAb Tg17-43 against GRA1 (1:1000) (5) as a loading control. After washing, the membrane was incubated for 1 hr with goat anti-mouse HRP (1:10,000 ) (Jackson ImmunoResearch Laboratories, Inc.). The membrane was thoroughly washed and the antibody complexes were revealed by chemiluminescence using SuperSignal West Pico luminal enhancer (Pierce Biotechnology, Rockford, IL).
Cloning and sequencing of ROP18 alleles. The ROP18 gene was PCR amplified from genomic DNA from the RH strain (type I) (GenBank # AM075204) with the forward primer HH32 (5'-GTG ATG TTT TCG GTA CAG CGG CCA-3') and reverse primer HH33 (5'-CTT TTA TTC TGT GTG GAG ATG TTC-3'). A plasmid expressing C-terminal Ty-tagged ROP18 protein from the type I lineages (referred to as pROP18-I-Ty) was constructed by inserting the coding sequence of ROP18 under the control of the TUB promoter. The ROP18-I gene was PCR amplified from pROP18 with forward primer HH51 (5'-ATg CAA TTg ATg TTT TCg gTA CAg Cgg CCA-3'; MfeI site underlined) and reverse primer HH50 (5'-TgC ATg CAT g TTC TgT gTg gAg ATg TTC CTg-3'; NsiI site underlined), and subcloned as a MfeI/NsiI fragment into pTUB-Ty (6). The Ty-1 epitope tag, EVHTNQDPLDG, was described previously (4) . Mutations in ROP18-I were engineered using the QuickChange site directed mutagenesis system (Stratagene) to alter the catalytic residue D to A at position 394 using the primers: ROP18-D The allele of ROP18 found in ME49 (type II strain) was obtained from the whole genome sequence for T. gondii (http://ToxoDB.org) (7) . The C-terminus of ROP18 corresponds to gene model TwinScan3921 and the N-terminus was translated from genomic DNA to obtain the full-length gene from the type II strain (the ORF is in frame upstream of TwinScan_3921). Numerous ESTs corresponding to this gene from the ME49 strain were also used to generate an assembled gene model for comparison to other alleles. The ROP18 allele from the type III lineage was amplified from genomic DNA of the CTG strain (Genbank # ABI35958). DNA sequences were generated by BigDye cycling sequencing (Applied Biosystems, Foster City, CA) conducted by SeqWright DNA Technology Services (Huston, TX). Sequences were aligned using Vector NTI, v9 (Informax, Invitrogen Life Sciences, Carlsbad, CA) and analyzed using Clustal (8) . Transfection and isolation of clones. The wild type CTG strain (type III) was electroporated with 100 µg of pROP18-I-Ty plasmid DNA and 10 µg of pSAG/ble/SAG in cytomix buffer as described previously (9) . Clones were isolated by single cell cloning in 96 well plates containing HFF cells following two rounds of selection in phelomycin (9) . Individual clones were screened for expression of the Ty tag by immunofluorescence and western blotting. A parallel transfection containing only the ble selection plasmid was used to isolate a control transformant referred to as CTG-Ble.
qRT-PCR
To examine the relative expression levels of ROP18 in wild type and transgenic strains, mRNA levels were compared by quantitative real-time PCR (qRT-PCR) using primers that match perfectly to both the type I and III alleles. Total RNA was isolated by extraction in Trizol (Invitrogen, Carlsbad, CA), precipitated in ethanol, and quantified by absorbance at OD 260 . Total RNAs (1-2 ug per sample) were reverse transcribed using Superscript III (Invitrogen) using the SYBR Green ER qPCR Super Mix (Invitrogen). The C T for amplification was determined from three separate runs using a SmartCycler (Cepheid, Sunnyvale, CA). Fold change was determined relative to the expression of ROP18 in the type I strain using the formula: Fold change = 2e-∆∆C T , where ∆∆C T = ∆C T (type I strain) -∆C T (strain being compared), and ∆C T for each sample = C T actin -C T ROP18. Primers for ROP18: forward 5'TGAGAAGGCGGATTCTGGATG3', reverse 5'CCTTAACAGCCAACTCTTCATTGGTCT3'; primers for actin: forward 5'TCCCGTCTATCGTCGGAAAG3', reverse 5'CAATTCCGACCATGATACCC3'.
Microarray analysis. Tachyzoites were grown in HFF cells for 36 hr and harvested as described above. Total RNA was processed using the RNeasy protocol (Qiagen, Valencia, CA) with β-mercaptoethanol added to the lysis solution and DNase I-treatment performed prior to RNA elution. RNA quality was assessed on a model 2100 Bioanalyzer (Agilent Biotechnologies, Foster City, CA) with a cutoff RNA integrity number of ≥ 9.7 used to select samples for probe synthesis. Synthesis and fragmentation of cRNA probes followed Affymetrix one-cycle protocols (Affymetrix, Santa Clara, CA) and hybridizations to the Affymetrix Toxoplasma gondii GeneChip Array were performed on the GeneChip Station following standard methods. Hybridization results were obtained from three biological replicates and expression analysis was conducted using GeneSpring 7.2 (Agilent Biotechnologies). Individual data files were processed using Robust Multi-array Average (RMA) and the data was normalized using per chip and per gene median polishing (10) . Sequence comparison and homology modeling. ROP18 was analyzed for conserved protein domains using InterProScan (http://www.ebi.ac.uk/InterProScan/). The entire coding sequence of ROP18 was compared to GenBank nr database using BLASTP to identify homologues (http://www.ncbi.nlm.nih.gov/BLAST/). A variety of serine threonine (S/T) kinases were found to have high similarity to ROP18 (e ≤ -10). ROP18 was submitted to the SwissModeler online database (http://swissmodel.expasy.org/) for homology modeling. Models were displayed in Swiss-pdb Deep View spdbv 3.7. The identity of conserved kinase domain residues was established by aligning a collection of related S/T kinases with ROP18 using Clustal (8) . Active site and other conserved residues were then mapped onto the alignment based on a previous summary of S/T kinase active sites (11) .
Rates of parasite growth. Mid-log parasites were released from monolayers of HFF cells by syringe passage and filter purified as described previously (1) . Triplicate T25cm 2 flasks were seeded with 2 million parasites in a final volume of 5 ml of DMEM media containing 1% FBS and the parasites allowed to invade the monolayer for 1 hr at 37 o C. The flask was washed three times to remove any parasites that had not invaded and the flasks incubated for ~40 hr at 37 o C. Vacuole sizes were determined by direct examination of 100 vacuoles at 400X in randomly selected microscopic fields on a Nikon TMS inverted microscope. Values were expressed as mean +/-s.d. from three replicates.
Migration assays. Migration of parasites on HFF monolayers under agarose was performed as described (12) . Briefly, parasites were allowed to invade monolayers that were subsequently overlayed with soft agarose. Assessment of migration under agarose was performed after culture for 2-3 days to allow egress of parasites from the initial host cell followed by migration and invasion into new host cells. At least 10 foci were used in determining the average of the longest distance (microns) of migration from three replicate samples (separate cultures) from two or more separate experiments.
Transmigration of parasites across polarized Madin Darby Canine Kidney (MDCK, CCL-34) cell monolayers plated onto a transwell filter system (Becton Dickinson Labware, NJ) was assessed as described (12) . Briefly, freshly egressed parasites were added to the upper well of the transwell system. The frequency of transmigrating parasites was quantified by counting parasite vacuoles, expressed as colony forming units (CFU) in the underlying HFF monolayer using phase-contrast microscopy. The average rate of transmigration from triplicate samples was expressed as CFU per 1000 parasites used in the challenge. Mouse infections. Acute virulence was monitored by determining cumulative mortality after i.p. injection of 10, 100, or 1000 tachyzoites into groups of 5 outbred mice each as defined previously (13) . Animals were monitored for 30 days and infections confirmed by serological testing by western blot against whole RH strain tachyzoite lysate at 1:500 or 1:1000 dilution of serum and 1:10,000 dilution of peroxidase-conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.). Signals were detected by ECL using SuperSignal (Pearce Biotechnology) and X-ray film (BioMaxMR, Eastman Kodak Co., Rochester, NY). Samples were compared to normal mouse (non-infected) and chronically infected mice (positive control infected with CTG). Strongly positive sera were classified as those that reacted intensely to many bands in the lysate, while weakly positives sera only reacted to a few bands and these signals were of lower intensity (see Fig. S2 for examples) . For the purpose of linkage mapping, these serum results were classified as: 0 = negative, 1 = weak positive, 2 = strong positive. Cumulative mortality was defined as the number of deaths / number of animals infected (those that succumbed or were seropositive) for all doses combined.
Genome-wide associations for phenotypes. The quantitative trait values for the parental strains and all progeny are provided in Table S1 . For analysis of MIG (migration under agarose), TM (transmigration across polarized monolayers), and GRO (growth as monitored by vacuole size), the mean values from the replicate experiments were used. Analysis of MOR (cumulative mortality) used the counts of deaths per infected animals expressed as a percent. SER (serum response of survivors) was treated as a categorical trait comprising the 3 classes "strong positive", "weak positive", and "negative". Phenotype-genotype associations were evaluated for all 175 markers (111 genetic nodes) typed across all chromosomes for the parents and all 34 progeny from the genetic crosses between GT-1 and CTG (1). Log likelihoods were determined from 1000 random permutations using the discrete nonparametric small sample statistics previously developed for evaluating SNP associations in P. falciparum (14) ; this method makes no assumptions about the underlying trait value distributions and automatically corrects for the multiple tests of the multi-locus scans and any biases attributable to skewed segregation.
A further constraint was required for analysis of the GRO trait because of significant bias and deleterious pleiotropic effects on intracellular growth and vacuole size attributable to the drug resistance mutations used to tag the parents and progeny clones of the cross (see sections on parasite culture and mouse infections above). Accordingly, the GRO scan shown in Fig.  2A used only the two parents and those progeny clones that had not been subjected to drug pressure during isolation; these clones define 64 genetic nodes across the entire genome. A similar GRO scan (data not shown) was also obtained by first filtering out the contribution of the known QTL at the AraA drug resistance locus on chromosome XII (15), thus reinforcing the inference of a GRO QTL candidate on chromosome VIIa.
To control the false discovery rate (FDR), the conservative empirical significance threshold of log likelihood 3.0 shown in Fig. 2A ("highly significant", corresponding to FDR << 0.01), was determined from second order nested permutations (16) . For the reduced data set used for GRO analysis, a more relaxed significance threshold of 1.6 was estimated ( Fig.  2A) , consistent with the step down procedure of (17) and corresponding to an FDR of <0.05 for a secondary QTL.
Resampling statistics were also applied to investigate if experimental variation in quantitative phenotype measurement was large enough to cause significant uncertainties in QTL magnitudes or locations. For the MIG, TM, and GRO phenotypes, sets of virtual mean trait values for each parent or progeny individual were generated by stochastic resampling from the distributions implied by the standard error of the mean, SEM = SD/√n. For the MOR trait, a coefficient of variation of 0.17 was estimated from the replicate animal experiments and used similarly to generate resampled trait vectors. Genome-wide association statistics based on 1000 permutations were computed for 25 such virtual phenotype vectors and are plotted in Fig. 2A to indicate the approximate 95% confidence intervals of the genome-wide associations. Since the peak QTL locations were invariant within these phenotype resampling envelopes, this procedure reinforced the conclusion that the major QTLs detected are of high statistical significance and robustly located.
Interval mapping of QTLs. Interval mapping was used to establish the likelihood ratio statistics for all markers across chromosome VIIa for the phenotypic traits MIG, TM, MOR, and SER as described above. Interval mapping was performed using MapManger QTX (18) and j/QTL (http://www.jax.org/staff/churchill/labsite/software/Jqtl). For MapManager, redundant genetic loci were first removed and interval mapping was done using a significance level of 0.001, 5 centiMorgan step size, and run for 1000 permutations. Similar parameters were used in j/QTL to perform genome-wide or chromosome-specific scans for single QTLs. Interval mapping was conducted assuming a normal model and maximum likelihood analysis was performed using an EM algorithm, repeated for 1000 permutations. Genome regions that correspond to the QTLs were defined by genetic crossovers in the F1 progeny that bounded the peak markers shown in Fig. 2B .
Results
Following challenge with 10, 100 and 1000 parasites by i.p. inoculations, serum responses in the surviving mice were used to assess infection. A large number of virulent clones caused mortality in all mice, irregardless of inoculum (Fig. 1C, black symbols) . Among clones with high but not absolute mortality, two phenotypes were observed. In clones where the remaining survivors were seronegative (not infected), mortality among infected animals was 100% (Fig. 1C, red symbols) . Other clones with high mortality had a few survivors that were weakly seropositive (Fig. 1C, yellow symbols) , suggesting infection had occurred but was contained. This result is unusual and has not been seen previously with virulent type I strains. Clones with low mortality typically gave rise to strongly seropositive survivors (Fig. 1C,  green symbols) . This result is typical of type II and III strains that readily cause chronic infection. Fig. S1 . Western blot analysis of sera from mice surviving acute infection with T. gondii. Chronically infected mice (lane 1) reacted strongly to a large number of bands in lysate (++), while non-infected mice (lane 2) showed only background reaction of the secondary antibody (-). Sera from mice surviving infection with clones with low mortality (< 90% mortality) showed strong positive signals (++) (i.e. clone c285-4 lanes 3-5). In contrast, sera from mice surviving infection with clones that induced high mortality (> 90% mortality) showed one of two phenotypes: weak reaction to a small number of bands (+) (i.e. clones c285-10 (lane 6, 7) and c295-3 (lanes 8, 9), or sero-negative, indicating they were not infected (clones (i.e. C295-31, lanes 10, 11). The serum responses from surviving animals for all progeny clones are given in Table S1 . This procedures lead to formation of "evacuoles" that are produced by rhoptry secretion but which lack a parasite due to the fact that invasion is blocked by CytD (3). Control CTG-Ble parasites produced elongated evacuoles that contained ROP1 (arrows). Attached parasites, typically outside the plane of focus, are indicated by the arrowheads. Evacuoles produced by ROP18-I transformant (V1 clone) contain both ROP18-I (green) and ROP1 (red). ROP18-I was also found in evacuoles that lacked ROP1 straining. ROP18-I was stained with mAb BB2 to the Ty epitope tag followed by Alexa488 conjugated goat anti-mouse IgG. ROP1 was stained with polyclonal rabbit serum followed by Alexa 594-conjugated goat anti-rabbit IgG. Samples were mounted in Vectashield containing DAPI (blue). Scale bars = 10 microns. A were detected with mAb BB2 to the Ty tag. GRA1 (mAb Tg17-43) was used as a loading control. CTG-Ble (Ctl) was used as a negative control. Fig. S6 . ROP18-I transformants did not show enhanced migration. The longest migration of type I strain GT-1 was ~400 microns, more than twice that of the type III strain CTG. Transformants of CTG expressing ROP18-I (clones K1 and V1) showed migration distances that were comparable to CTG and a transfection control (CTG Ble), indicating that ROP18-I does not contribute to enhanced migration. Migration was determined by measuring the average distance of the longest migrating parasite per focus at 60 hrs post-infection. Data presented are means of the 5 longest distances from 15 measurements (5 each from 3 separate coverslips per clone). Means and s.d. from a representative experiment were compared using the student's t test. The longest migration of GT-1 (*) was significantly farther than CTG, CTG Ble (a transfection control) or either of the ROP18-I transformants (P < 0.05).
a Serum test refers to the result on western blotting with sera from animals surviving challenge (see Materials and Methods). Chronically infected animals are strongly positive, weak positives are seen in a few clones, and negative animals are assumed not to have been infected. Examples of these results are shown in Fig. S2 . b Migration distance of parasites traveling under soft agarose in vitro as described previously (12) . Values are from three replicate samples from two or more experiments. c Transmigration measured by passage across MDCK monolayers in vitro as described previously (12) . Values are from three replicate samples from two or more experiments. d Cumulative mortality in outbred mice from three groups of animals (n= 5 each) given 10, 100 or 1000 tachyzoites i.p. Some data from a previous report have been incorporated here (1), those marked * represent newly isolated clones. e Growth as determined by average number of parasites per vacuole after 40 hr culture. Values are from triplicate samples.
Candidate virulence genes on ChrVIIa
Within the interval bounded by flanking genetic markers, there are several candidate genes for each of the QTLs shown in Fig. 2B and referred to as MIG/TM and SER/MOR. Increased MIG/TM may be related to changes in calcium signaling (20) , or to assembly of the cytoskeleton (21), both of which have been shown to be integral components of motility. Enhanced mortality (MOR/SER) mapped to a region flanked by markers CS3-ST3921, which contains 21 genes including several candidates: a rhoptry protein homology (ROP18) (22) , fructose-1,6 bisphosphatase, which has previously been implicated in virulence of Leishmania (23) , and a voltage-gated calcium channel (20) . 
